The characteristic gating properties of the HERG [human eag (ether-a-go-go)-related gene] potassium channel determine its contribution to cardiac repolarization and in setting the electrical behaviour of a variety of cells. In the present study we analysed, using a site-directed cysteine and disulfide chemistry approach, whether the eag/PAS (Per/Arnt/Sim) and proximal domains at the HERG N-terminus exert a role in controlling the access of the N-terminal flexible tail to its binding site in the channel core for interaction with the gating machinery. Whereas the eag/PAS domain is necessary for disulfide bridging, plus the cysteine residues introduced at positions 3 and 542 of the HERG sequence, the presence of the proximal domain seems to be dispensable. The state-dependent formation of a disulfide bridge between Cys 3 and an endogenous cysteine residue at position 723 in the C-terminal C-linker suggests that the N-terminal tail of HERG can also get into close proximity with the C-linker structures located at the bottom of helix S6. Therefore the intrinsic flexibility of the N-tail and its proximity to both the S4-S5 loop and the C-linker may dynamically contribute to the modulation of HERG channel gating.
INTRODUCTION
The HERG [human eag (ether-a-go-go)-related gene; type 1 or Kv11.1) potassium channels play a key role in setting the electrical behaviour of a variety of cell types (reviewed in [1] ) and, in particular, they conduct the cardiac repolarizing current I Kr [1] [2] [3] . Thus the loss of HERG function by mutation or pharmacological block prolongs cardiac repolarization causing LQT2 (type-2 long-QT) syndrome and increases the risk of ventricular arrhythmia and sudden death [2, [4] [5] [6] [7] [8] [9] .
X-ray crystal-based structures have provided a wealth of detail into the structural basis of voltage-dependent K + channel permeation and gating [1, [10] [11] [12] . However, it is usually difficult to assign those structures to specific functional protein states and to ascertain whether they accurately represent the protein conformation in its native membrane environment. Site-directed mutagenesis and voltage-clamp analysis of mutant ion channels provides a function-based approach, complementary to highresolution structural methods, that helps to understand the structural basis of channel functionality. Site-directed cysteine and disulfide chemistry can be used to map out contacts between pairs of positions and to demonstrate physical proximity between protein sequences carrying the pair of introduced cysteine residues [13] . Thus measurement of selective, statedependent and DTT (dithiothreitol)-reversible current attenuation in double cysteine mutant channels under oxidizing conditions may yield important information about close proximity and relative positioning of particular protein domains and/or their conformational rearrangements in fully functional channels present on the cell surface. In a recent study, we used this approach to demonstrate the existence of a physical proximity between the HERG N-terminal distal region of the eag/PAS (Per/Arnt/Sim) domain (amino acids 1-135; Figure 1 ) and the loop linking the S4 and S5 transmembrane helices in the channel core [14] . It has been clearly established that the distinctive gating properties of HERG are strongly influenced by specific cytoplasmic domains. Thus it is widely accepted that the interaction between the aforementioned two regions acts as a critical determinant of the characteristic slow deactivation of HERG [1, [14] [15] [16] [17] [18] [19] , and it has been reported that both the PAS homology domain (amino acids ) and the remainder of the N-terminus up to the first transmembrane helix (the proximal domain corresponding to residues 136-397) play important roles in the activation and deactivation properties of the channel [1] . It has also been proposed that some residues at the beginning of the HERG C-terminus [either in the 'C-linker' or in the cNBD (cyclic nucleotide-binding domain) homologous region], could interact with the PAS domain or the N-terminal region of the N-terminus to control deactivation gating [15, [20] [21] [22] . In addition, recent NMR data identified two differentiated regions in the distal segment preceding the PAS domain (in the N-tail or CAP domain [15] ): an initial disordered and highly mobile tail extending up to amino acid 12, and an amphipathic helix encompassing residues 13-23 [16, 17, 20] , both of them participating in modulation of HERG deactivation characteristics [14, 17, 18] . Overall, the available data favour the existence of an extensive network of interactions between cytoplasmic domains involving several N-and Cterminal regions and the S4-S5 linker, that dynamically contribute to modulate HERG gating ( [14, 18] ; reviewed in [1, 15, 19] ).
In the present study we analyse the role of the eag/PAS and the proximal N-terminal domains in determining the position and controlling the access of the N-terminal tail of HERG to its binding site in the channel core for interaction with the gating machinery. We checked the impact that structural alterations in these regions of the HERG N-terminus exert on disulfide bridge formation between cysteine residues introduced at positions 3 and 542 of the channel sequence. Our results indicate that, whereas the presence of an intact PAS domain is necessary for the interaction between the N-terminal tail and the S4-S5 linker, maintenance of the HERG exclusive long proximal domain is not. Moreover, the observation that a disulfide cross-linkage is formed between Abbreviations used: cNBD, cyclic nucleotide-binding domain; DTT, dithiothreitol; eag, ether-a-go-go; HERG, human ether-a-go-go-related gene; LQT2, type-2 long-QT; PAS, Per/Arnt/Sim; TbHO 2 , t-butyl hydroperoxide. 1 Correspondence may be addressed to either of these authors (email pdelapena@uniovi.es or fbarros@uniovi.es). The S1-S4 transmembrane helical segments that make up the voltage-sensor domain are linked via an S4-S5 linker (black line) to the pore-forming domains (S5 and S6 segments). Both the N-and C-terminal regions are intracellular. At the N-terminus, the amphipathic helix (residues 10-23) and the PAS homologous domain (residues 26-134) are depicted as a small cylinder and a spherical structure respectively. The flexible N-terminal tail region is depicted with a dotted line. The HERG exclusive proximal domain of the N-terminus (residues 135-397) is represented as a grey line connected to the S1 helix. At the C-terminus, the C-linker and cNBD domains are depicted as a pair of cylinders and some cylinders and sheets encompassed in grey blocks respectively. residue 3 and an endogenous cysteine residue located at position 723 of the C-linker of a channel containing a specific small deletion in the proximal domain, also suggests that both regions can interact and hence that the initial portion of the HERG Nterminus and the C-linker structures immediately located at the bottom of helix S6 lie in close proximity.
MATERIALS AND METHODS

Reagents and molecular biology
The oxidizing agent TbHO 2 (t-butyl hydroperoxide; Sigma) was diluted in the recording solution shortly before experiments. DTT (Sigma and Fluka) was dissolved in this experimental medium immediately before use.
Procedures for the generation of the N-terminal deletion variants 138-373, 223-373, 326-373 and 5-135 have been detailed elsewhere [23] [24] [25] [26] [27] . Generation of construct V3C 10-23 was performed using a forward PCR mutagenic primer containing a HindIII site and including the coding sequence for the first nine residues of HERG with the mutation V3C followed by the coding sequence for residues 24-40. The reverse PCR primer contained the coding sequence corresponding to amino acids 360-376 and the unique BstEII recognition site. The resulting PCR amplified fragment was digested with HindIII/BstEII, purified and used to replace the corresponding native fragment in the fulllength HERG in the pSP64A + vector. The point mutations V3C, Y542C, KKR/AAA, C723G + C729G, C740G + C750G, C723A and C729A were created by site-directed mutagenesis using the PCR-based overlap extension method as previously described [14, [23] [24] [25] [26] . The construct with a duplicated proximal domain sequence was generated by inserting a PCR amplified BstEIIdigested fragment encompassing the coding region from residues 138 to 374 into the unique BstEII recognition site at residue 374 of the wild-type channel. Finally, to generate HERG channel constructs bearing the different point mutations combined with either of the various deletions or with the duplicated proximal domain sequence, restriction fragments from channels carrying the point mutations were used to replace the corresponding wild-type fragments in the various deletion HERG variants. All constructs were analysed by standard fluorescence-based DNA sequencing to confirm the mutations and verify the absence of errors.
For in vitro cRNA synthesis, HERG constructs cloned in the pSP64A + vector were linearized and capped cRNA was synthesized from the linear cDNA templates by standard methods using SP6 RNA polymerase as described previously [14, [23] [24] [25] [26] [27] . Procedures for Xenopus laevis anaesthesia and surgery, obtaining oocytes and microinjection conditions have been detailed elsewhere [14, [22] [23] [24] [25] [26] . Microinjected oocytes were incubated in OR-2 medium (82.5 mM NaCl, 2 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 1 mM Na 2 HPO 4 and 10 mM Hepes, pH 7.5) containing 25 μg/ml gentamicin for 2-3 days before HERG current recordings.
Electrophysiology and measurement of the oxidation-reduction effects
HERG currents were measured in manually defolliculated oocytes using the two-electrode voltage-clamp method as described previously [14, [23] [24] [25] [26] [27] . Recordings were usually obtained in standard OR-2 medium. For those constructs showing a reduced level of functional expression, high-K + OR-2 medium in which 50 mM KCl replaced an equivalent amount of NaCl was used to maximize currents. Parallel experiments with several single and double cysteine mutants indicated that the extent and kinetics of the oxidation and reduction effects were the same in both solutions. Membrane potential was typically clamped at − 80 mV, except for constructs showing a left shift in voltage dependence of activation (e.g. proximal domain deleted channels [23] [24] [25] ), in which a − 100 mV basal voltage was used to compensate for this shift, thus preventing partial current activation at holding potential. Where indicated, a holding potential of + 40/ + 60 mV was used to maintain the channels open/inactivated during the oxidation treatments. Ionic currents sampled at 1 kHz were elicited using the voltage protocols indicated in the Figures. To prevent any influence of the oxidizing and reducing agents on the silver chloride ground electrodes, they were connected to the bath chamber through agar bridges. Stimulation and data acquisition were controlled with Pulse + PulseFit software (HEKA Elektronic) running on Macintosh computers. Quantification of the oxidizing agent effects was systematically performed after 2-3 min of treatment, followed by a phase of reversion with DTT. As shown previously [14] , this prevented the sizeable accumulation of non-disulfide products (e.g. sulfinic and sulfenic oxyacids) owing to slower and DTT-irreversible oxidation reactions associated with longer TbHO 2 treatments.
Data analysis
Data analysis and exponential fits to ionic currents and time courses were performed with the programs PulseFit (HEKA Elektronic) and Igor-Pro (WaveMetrics Site-directed cysteine mutagenesis and disulfide chemistry is a valuable method to map contacts between pairs of amino acids at specific molecular positions and to demonstrate the physical proximity between protein sequences carrying the introduced cysteine residues [13, 14] . Recently, we have been able to demonstrate disulfide bond formation between the distal portion of the HERG N-terminus and the S4-S5 linker by introducing cysteine residues into specific positions of these two channel domains and measuring the selective, state-dependent and DTT-reversible elimination of the double-mutant currents under oxidizing conditions [14] . For this purpose, we studied the effects of redox-dependent disulfide bonding after application of the membrane-permeable oxidizing agent TbHO 2 to oocytes expressing the constructs carrying the engineered cysteine residues. Using an analogous strategy, we have attempted to determine some of the key structural requirements for this interaction to take place. Considering the previous observations that particular regions of the channel's N-terminus can differently modulate activation and deactivation gating and hormonal regulation [23] [24] [25] 27] , we studied the effect of the oxidizing agent in channels with specific deletions, affecting either the eag/PAS domain or different sections of the proximal domain ( Figure 1 ). As shown in Figures 2(A) and 2(B), the oxidation induced a rapid (inhibition time constant 57.5 + − 2.8 s, n = 6) and strong (65.0 + − 2.9 %) reduction of the current mediated by a channel construct with two engineered cysteine residues at Val 3 and Tyr
542
(double mutant V3C + Y542C). This effect is abolished if a 5-135 deletion that eliminates the eag/PAS domain is introduced (construct V3C + 5-135 + Y542C). Thus this construct only exhibited a slow (time constant 150 + − 6.5 s, n = 4) and limited (17.5 + − 1.1 %) inhibition of the current magnitude, equivalent to that observed upon oxidation of single-cysteine containing channels V3C (243 + − 20 s, 21.0 + − 1.6 %, n = 10), V3C + 5-135 (344 + − 60 s, 24.5 + − 7.1 %, n = 4) and Y542C [14] .
The eag/PAS domain in the HERG N-terminus contains at least two structural elements: the highly structured PAS homologous domain extending from residues 26 to 135, and a distal N-terminal segment encoded by amino acids 1-25 [14, 15, 18, 28] . Indeed, NMR data identified two differentiated regions in this distal segment, an initial disordered and highly mobile tail extending up to amino acid 12, and an amphipathic helix encompassing residues 13-23 ([16,17,20] ; Figure 1 ). To evaluate the relative contribution of the PAS and the amphipatic helix to the oxidationinduced effect in the V3C + Y542C channels, we also generated a construct carrying the double cysteine mutation and lacking only residues 10-23 corresponding to the amphipathic helix. Addition of TbHO 2 to oocytes expressing the V3C + 10-23 + Y542C channel construct still induced a rapid and marked current reduction with an inhibition time constant of 65.8 s, and a current magnitude lowered by 53.4 + − 3.4 % (n = 6) after an oxidation period of 3 min ( Figure 2 ). It is possible that the relatively smaller oxidation-induced effects caused by the elimination of the amphipathic helix in the V3C + 10-23 + Y542C construct are due to some slight variation in the relative position of the N-terminal tail and the S4-S5 linker. However, the results also indicate that the impact of this structural modification is considerably lower than that observed when almost the entire highly structured eag/ PAS domain is deleted in the V3C + 5-135 + Y542C construct.
Formation of a disulfide bond between residues V3C and Y542C does not require the presence of the proximal domain of the N-terminus
The eag/PAS domain of HERG is followed by an almost 250-residue-long stretch of amino acids (the proximal domain) extending up to the first transmembrane helix (Figure 1 ), which is able to influence both activation and deactivation gating under certain conditions [1, 23, 25] . To test the relevance of this HERG exclusive domain on oxidation-induced disulfide bond formation between V3C and Y542C, we studied the TbHO 2 effects in oocytes expressing double cysteine mutants in which the proximal domain was either partially (V3C + 223-373 + Y542C and V3C + 326-373 + Y542C) or almost completely (V3C + 138-373 + Y542C) deleted. Unlike the results observed in the absence of the eag/PAS domain, an effect analogous to that observed in the double mutant V3C + Y542C was induced by TbHO 2 in the proximal domain-deleted V3C + 138-373 + Y542C channel as well as in the channel construct lacking a smaller portion of the proximal domain corresponding to residues 326-373 ( Figure 3) . A slightly enhanced oxidation effect was obtained in V3C and Y542C channels also lacking residues 223-373 (82.5 + − 4.7 % inhibition, n = 8, for V3C + 223-373 + Y542C channels compared with 65.5 + − 4.3 %, n = 6, for V3C + Y542C; P < 0.05). These results demonstrate that the proximal domain is not necessary for formation of the disulfide bond between residues V3C and Y542C, and hence it does not act as the determinant factor for positioning the N-terminal tail towards its interaction site in the channel core. Consistent with this, the oxidation effects were also almost the same in a V3C + Y542C channel in which the proximal domain sequence corresponding to residues 137-374 was duplicated, yielding a 250 amino acid longer Nterminus (V3C + 2×Proximal + Y542C construct, 56.2 + − 4.4 % inhibition, n = 3). Finally, the identification of a positively charged amino acid cluster inside the 326-373 segment (residues 362-366 encompassing the sequence KIKER using the one-letter amino acid code) acting as an important determinant of HERG activation characteristics [1, 24, 29] , prompted us to check whether the effect of TbHO 2 on the double cysteine mutant could be affected by elimination of these positive charges. However, the oxidation effect on a double cysteine mutant also mutated to lack the positive charges in the KIKER sequence (construct V3C + KKR/AAA + Y542C, 70.5 + − 4.9 % inhibition, n = 3) was equivalent to that observed for the double mutant V3C + Y542C. To study further the specificity of the effects of deletions in the proximal domain, we also combined the proximal domain deleted channels with the single point mutation V3C. Consistent with our initial expectations, deletion of approximately half ( 223-373) or almost all the proximal domain ( 138-373), did not modify the small and slow effect of TbHO 2 on the single cysteine V3C mutant (Figure 4) . Surprisingly, the oxidizing agent rapidly and markedly lowered the HERG current level in oocytes expressing a V3C mutant also carrying the short 326-373 deletion (V3C + 326-373 construct; 60.7 + − 3.7 % inhibition, n = 8). Since these oxidation effects were largely reversed by DTT, they are not due to DTT-irreversible reactions [13, 14] and, since no other cysteine residue has been introduced, it is likely that they are due to formation of a disulfide cross-linkage between Cys 3 and some endogenous cysteine. It is important to emphasize that the gating characteristics exhibited by the V3C + 326-373 channels are almost identical to those from channels lacking the whole proximal domain, such as 138-373/HERG [24] and V3C + 138-373/HERG (Supplementary Figure S1 at http://www.biochemj. org/bj/451/bj4510463add.htm). This argues against the possibility that the results obtained with V3C + 326-373 are due to a major disorganization of the protein structure in this construct.
In an attempt to further identify the possible structural determinants involved in the effect observed with the V3C + 326-373 construct, we combined the cysteine residue at position 3 with the triple mutation KKR/AAA in the KIKER sequence (positions 362-366) (see above). However, unlike the results encountered with the V3C + 326-373 channels, the effect of the oxidizing agent was the same as that observed in the single V3C mutant ( Figure 4C ). Almost identical results were obtained when the V3C mutation was combined with a short deletion between residues 325 and 342 (construct V3C + 326-341), such that the KIKER sequence is maintained, but lacks the residues 326-332 including the RYRTISK sequence. As previously reported, this short region includes consensus sequences for phosphorylation by several protein kinases as well as for binding of phosphatidylinositol 4,5-bisphosphate and interaction with 14-3-3 proteins, and it can act as a substitute for the KIKER sequence under certain circumstances [24] . Therefore our results from the present study indicate that the data observed upon oxidation of the V3C + 326-373 construct are specific for the 326-373 deletion and are not the consequence of confining the structural alterations to the RYRTISK or the KIKER sequences. Thus we concluded that some subtle structural alteration induced by the 326-373 deletion causes a reorientation of the Cys 3 side chain allowing for the formation of a disulfide bridge with an endogenous cysteine residue. and Cys 750 (construct V3C + 326-373 + C740G + C750G), the extent of the TbHO 2 -induced inhibition (46.0 + − 4.8 %, n = 3) was not significantly different to that observed with the V3C + 326-373 construct (P = 0.06). However, cysteine-to-glycine mutation of residues 723 and 729 (construct V3C + 326-373 + C723G + C729G) significantly lowered the effect of the oxidizing agent to 31.3 + − 3.3 % (n = 3; P < 0.002 compared with V3C + 326-373). This suggested that, in the 326-373 deleted channel, the addition of the oxidizing agent triggers the formation of a disulfide bridge between Cys 3 and one or both of the endogenous cysteine residues in positions 723 and 729. In order to identify which of these endogenous cysteine residues is able to interact with Cys 3 , two additional constructs were prepared in which, in the background of the 326-373 deletion, V3C was independently combined with C723A or C729A mutations. As shown in Figures 5(A) and 5(B) , the oxidation-induced effect of TbHO 2 remained largely intact in the V3C + 326-373 + C729A construct, but it was abolished in the V3C + 326-373 + C723A channel. This identifies Cys 723 as the C-linkerlocated residue interacting with Cys 3 in the V3C + 326-373 mutant. As discussed below, unless deletion of the 326-373 segment causes a major alteration of the channel architecture, these results also suggest that a close proximity exists between the N-terminal tail and the C-linker structures located at the bottom of S6 in the C-terminus.
Identification of C-linker
State dependence of the oxidation effect in V3C + 326-373 channels
One remarkable property of the disulfide chemistry approach is its strict dependence on the spatial proximity between the disulfideforming pairs of residues. Since the protein regions analysed in the present study are expected to be dynamically modulated during channel function and as a last indication of specificity and strong spatial dependence of the oxidation-induced current reductions, we compared the oxidation effects in mutant channels expressed in cells held at − 80/ − 100 and + 40/ + 60 mV during the application of TbHO 2 , therefore maintaining the channels in the closed (C) or the open/inactivated (O/I) state respectively. Analysis of the oxidation effect with the V3C + 326-373 channels held at + 40 mV demonstrated a prominent reduction of the oxidation-induced current inhibition when the channels were maintained in the open/inactivated conformation ( Figure 5C ). Since in this case the disulfide bond formed under oxidizing conditions should be established between the N-terminal tail of the N-terminus and the C-terminus C-linker region (see above), . This strong state dependence showed by the V3C + 326-373 channels is even bigger than that previously observed with the V3C + Y542C channels, in which Cys 3 interacts with the S4-S5 loop Cys 542 [14] . Therefore this suggests that the conformational rearrangements associated with gating may induce quite a long-range movement of Cys 3 with respect to the C-linker-located Cys 723 in these channels, such that the cysteine residue present in the N-terminal tail interacts with the endogenous Cys 723 in the closed, but not in the open/inactive, conformation(s).
Characterization of the oxidation effects on double cysteine V3C + Y542C mutant channels carrying the 326-373 deletion
As an additional test to prove that deletion of the 326-373 segment directs Cys 3 towards the C-linker, we also analysed the oxidation-induced effect in channels in which the endogenous cysteine residues at the C-linker were changed to alanine residues, but in the background of the double mutant V3C + Y542C. When the channels were held closed, the elimination of Cys 723 abolished the oxidation effect in V3C + Y542C channels also carrying the 326-373 deletion (construct V3C + 326-373 + Y542C + C723A). This effect was specific for the C723A mutation, since it was not observed with V3C + 326-373 + Y542C + C729A channels in which an alanine residue substituted the endogenous Cys 729 ( Figures 6A  and 6B ). Thus, even though an engineered cysteine residue is present at position 542 of the S4-S5 linker, the 326-373 deletion maintains the location of Cys 3 shifted towards Cys 723 , further supporting the hypothesis that, at least in the closed conformation of the channel, the initial portion of the N-terminus points towards the C-linker structure in the absence of the 326-373 segment.
Since the above data suggested that the relative location of the N-terminal tail and the C-linker structures may change during channel excursions from closed to open/inactive conformations, we also checked the state dependence of the oxidation effects on the V3C + 326-373 + Y542C channel. Surprisingly, we observed that, unlike the situation encountered with the V3C + 326-373 construct, the effect exerted by the oxidizing agent on the V3C + 326-373 + Y542C construct was the same, both holding it in the closed or the open/inactive conformation at − 80 and + 40 mV respectively ( Figure 6C ). This effect was specific for the 326-373 deletion, because performance of a similar analysis with double cysteine mutants lacking approximately half of the proximal domain (V3C + 223-373 + Y542C) or almost the whole proximal domain (V3C + 138-373 + Y542C), showed a marked reduction of the TbHO 2 -induced inhibition of the currents in the open/inactive state (results not shown). Since these results are analogous to those observed with the nondeleted V3C + Y542C channels [14] , it seems that the Nterminal tail and the S4-S5 linker preferentially interact pointed again towards Cys 542 in the S4-S5 linker, or that it remained positioned towards an endogenous cysteine residue such as Cys 723 . Subsequently, we analysed the oxidation effects when the V3C + 326-373 + C723A and V3C + 326-373 + Y542C + C723A channels were maintained in the open/ inactivated state. We observed that, in both cases, the C723A mutation prevented the oxidation-induced inhibition of the current magnitude. Thus the extent of the TbHO 2 -induced inhibition amounted to 8.8 + − 3.8 % (n = 4) with the V3C + 326-373 + C723A and 10.2 + − 1.5 % (n = 5) with the V3C + 326-373 + Y542C + C723A constructs held at + 40 mV. These results demonstrate that the presence of Cys 542 in the S4-S5 linker of the 326-373 channels is not enough for the oxidation effects to take place in the absence of Cys 723 , indicating that disulfide bridging does not take place between Cys 3 and Cys 542 in the open/inactivated conformation of these channels. On the other hand, they suggest that Cys 3 also remains located in proximity to Cys 723 after the closed-open/inactivated transition of the 326-373 channels has been achieved.
DISCUSSION
In the present study we have analysed the role of the eag/PAS and proximal domains located in the cytoplasmic N-terminus of HERG channels in controlling the access of the flexible tail of the N-terminus to its binding site(s) in the channel core for interaction with the gating machinery. As for other voltage-gated potassium channels, there is a general agreement that voltage-dependent opening and closing (activation and deactivation gating) of HERG is achieved by a pivoted bending of the lower portion of the S6 helices that opens or closes an intracellular gate, in response to the outward movement of the voltage sensor S4 helices, subsequently translated via the S4-S5 loop to the motion of the interacting S4-S5 linker and lower S6 regions (reviewed in [1, 15, 19] ). In addition, there are numerous reports indicating that the distinctive gating properties of HERG are strongly influenced by some of the cytoplasmic protein domains, and it has been proposed that interactions of the N-terminal-most region with the S4-S5 linker constitute a crucial modulator of channel gating transitions [1, 14, 19] . Nevertheless, there are details about the precise mechanism for the N-terminal regulation of HERG gating that are still controversial. Thus there is evidence that not only the N-terminal, but also the C-terminal, region of the channel can modulate the transition between open and closed states, and that this modulation could be achieved either by direct or by indirect/allosteric interactions with the gating machinery, probably at the level of the S4-S5 loop [1, 19] . The demonstration that a disulfide cross-linkage is formed between cysteine residues introduced in the distal N-terminal tail of the eag/PAS domain and in the S4-S5 linker has provided strong evidence that both regions are in close proximity when the channels are in the closed conformation [14] . However, it has also been proposed that the N-terminal tail is orientated towards the bottom surface of the C-terminal cNBD [20] , and that this orientation would prohibit its interaction with the S4-S5 linker [13] .
The results of the present study regarding the analysis of the structural requirements of the interaction between the distal N-terminal tail and the channel core indicate that an intact eag/PAS domain is necessary for the interaction between the pair of cysteine residues introduced at positions 3 and 542 of the N-terminal tail and the S4-S5 linker respectively, whereas the presence of the exclusive and long HERG proximal domain is dispensable. Also, the fact that a disulfide bridge is formed between the engineered Cys 3 and the endogenous Cys 723 suggests that the N-terminal tail of HERG can get into close proximity to the C-linker structures located at the bottom of helix S6. It could be argued that these data could be owing to a major disruption of the channel architecture caused by deletion of the 326-373 segment, but several lines of evidence indicate that this is not the case, and that the results obtained with the V3C + 326-373 construct reflect a limited and specific readjustment of the Cys 3 position, allowing for its directional interaction with the endogenous Cys 723 . Thus: (i) the V3C + 326-373 channel functions normally, arguing against a major disorganization of the protein structure; (ii) the effect is specific for the 326-373 deletion, since channels with much longer deletions (e.g. V3C + 223-373 and V3C + 138-373), expected to cause more drastic disruptions of the channel architecture, do not respond in the same way; (iii) the oxidation effect in the V3C + 326-373 channel is statedependent, indicating that the formation of the disulfide bridge between Cys 3 and the endogenous C-linker Cys 723 is affected by subtle conformational reorganizations associated with gating; (iv) a specific and functional interaction between the initial portion of the HERG N-terminus and the gating machinery has been demonstrated using several N-terminal recombinant fragments [18, 31, 32] , suggesting that the correct orientation and subsequent interaction between the N-terminal tail and the gating machinery is not totally determined by the overall organization of other cytoplasmic protein structures; and (v) the oxidation effects in channels carrying the pair of engineered cysteine residues in residues 3 and 542 are also similar with or without the 326-373, 223-373 and 138-373 deletions. This also argues against the possibility that in the case of the V3C + 223-373 and the V3C + 138-373 channels, the interaction is lost due to a disorganization of the channel architecture, unlike the situation in the V3C + 326-373 construct.
An important implication of the above results is that, since the establishment of some disulfide bridges is state-dependent, they have to be formed between protein regions exhibiting changes in their relative positioning due to dynamic reorganizations associated with channel gating. This fact has previously been documented for the interaction between the distal N-terminal tail and the S4-S5 linker in channels carrying the engineered cysteine residues in residues 3 and 542 [14] . Thus, during the transition closed-open/inactivated of the channel, the N-terminal tail seems to move away from the proximity of the N-terminal portion of the S4-S5 linker to a more distant location. This is further supported by the results of the present study, also indicating that: (i) such an interaction requires the presence of the protein segment corresponding to the eag/PAS domain; and (ii) although this interaction is not strictly dependent on the presence of the proximal domain, a particular alteration in this long domain influences the normal relative positioning between the N-terminal tail and the C-linker, making them come closer in the functional channel. Noticeably, detection of a disulfide bridge leading to a marked current inhibition ensures that a close proximity can be established between the protein regions carrying the pair of cysteine residues. However, a rigorous translation of the results of the present study to real distances could be meaningless due to the flexible and/or unstructured nature of these regions and their dynamic modulation during channel function, since the probability of collision between the cysteine pairs forming disulfide bonds can be greatly increased by fluctuations of otherwise flexible structures and therefore not necessarily reflect the extent to which these regions are close to each other in the channel [13, [33] [34] [35] [36] . In fact, the distal N-terminal tail constitutes a highly flexible and/or unstructured region [16, 17, 20, 28] , and quite large conformational changes in the C-linker region of some channels going from the resting to the activated configurations have also been proposed [37] [38] [39] . It has also been suggested that channels containing a Clinker/cNBD region homologous with that of HERG, such as CNG (cyclic nucleotide-gated), HCN2 and ELK (eag-like) channels, may shift from an unliganded/closed conformation as a pair of dimers to a tetrameric and symmetric assembly of interacting C-linker domains, following binding of activating nucleotides to the cNBD that drives the channel to its open conformation [40] [41] [42] . On the other hand, it has been demonstrated that the S4-S5 linker of HERG is highly flexible and that maintenance of this flexibility is important for channel gating [43] . In any case, our results indicate that the distal N-terminal tail can aquire a position that allows it to establish disulfide bridges with the C-terminal Clinker structures of HERG, although the relative distance between them may vary in the closed and open conformations. This state dependence also makes it possible that, unlike previously suggested [15] , the initial portion of the N-terminus gets close to both the S4-S5 linker and some relatively distant surface(s) of the C-linker/cNBD domain, depending on the conformational reorganizations in which these domains are involved. Thus we propose that the flexible N-tail dynamically changes its position and/or orientation for long enough so as to be able to interact with the S4-S5 linker, the C-linker, and perhaps even with more cytoplasmic cNBD surfaces [20] . Additional support for this proposal is provided, although indirectly, by placing the ensemble of 20 HERG eag/PAS structures obtained by NMR ( [16, 17, 20] , PDB codes 2L4R, 2L0W and 2L1M) against the C-linker/cNBD crystal structure of HCN2 ( [44] , PDB code 1Q5O) following the orientation suggested by Muskett et al. [20] . Such preliminary docking suggests that the flexible position of the N-terminal tail can indeed allow it to extend from the bottom surface of the cNBD up to a S4-S5 linker located in a HERG transmembrane core structure homologous to that of Kv1.2 ([11] , PDB code 2A79) placed on top of the C-linker/cNBD (results not shown).
A caveat to consider is that the site-directed cysteine and disulfide chemistry approach makes it necessary to introduce cysteine mutations in the putatively interacting positions. This may bring on some alterations in the normal positioning and/or relationship between them, as shown by the fact that all mutants in the N-terminal tail and/or the S4-S5 loop show an accelerated deactivation behaviour in a basically non-additive way ( [14, 18, 22] , Supplementary Table S1 at http://www.biochemj.org/ bj/451/bj4510463add.htm). Therefore there are at least two circumstances that could antagonistically influence the extent and time course of the oxidation effects and their subsequent extrapolation to the situation in the native channel: (i) a disruption of the normal positioning and/or interaction between the Nterminal tail and the S4-S5 loop and C-linker structures, that could separate them to a certain distance limiting their optimal interaction; and (ii) the fact that, since some cysteine residues are located in a flexible and/or unstructured region such as the Ntail, random fluctuations of this domain may sporadically bring cysteine pairs usually not very close into enough proximity as to allow for disulfide bridge formation and irreversible decay of current densities until DTT is added. Note, however, that flexibility of the N-terminal tail does not seem to be the only explanation for the results of the present study and that a close juxtaposition of this domain to its putative interacting partners is also required, since some striking differences in the extent of the oxidation effects are caused by varying the position of the cysteine residues to adjacent places (e.g. between P2C and V3C or between Y542C and G546C [14] and from Cys 723 to Cys 729 in the present study), even though in all these cases a similar flexibility of the N-terminal tail is expected. What trajectory does the N-terminus follow upon channel opening and closing? In this context our results with the C723A mutants appear interesting since: (i) the HERG N-terminal tail has been repeatedly proposed as crucial for maintenance of the slow HERG deactivation due to its interaction (presumably in the open state) with other still undetermined site(s) in the channel [17, 20, 45] ; (ii) previous docking methods led to the suggestion that the N-terminal tail may interact with the cNBD region to modulate channel closing [20] ; and (iii) the disulfide bridge partner of Cys 3 seems to shift from the S4-S5 linker of the closed V3C + Y542C channels to the C-linker region of the constructs containing the relatively small 326-373 deletion. Since our data indicate that Cys 723 in the C-linker is not far away from the amino end, at least in the V3C + 326-373 background, this endogenous cysteine residue constitutes an initial candidate to establish a disulfide bond with the N-terminal tail in some conformational state(s). Further work would be necessary to identify other possible partners with which the N-terminal tail may dynamically interact with during the gating transitions in the native HERG channels. However, it is tempting to speculate that the N-terminal portion may dynamically oscillate between the S4-S5 linker and the C-linker and/or the cNBD regions as a result of the closed-open/inactivated transition.
The model proposed in the present study helps to explain why maintenance of an intact PAS domain structure is necessary for the correct interaction of the first segment of the N-terminus and the gating machinery. Even though the soluble N-terminal domain can act as an independent functional domain able to restore the normal deactivation properties of channels carrying structural alterations in the N-terminus [18, 21, 31, 32, 46] , under native conditions it is covalently attached to the PAS domain that, interacting with the remainder of the channel, seems to properly place and orientate the distal N-terminal tail, thereby regulating the kinetics of channel opening and closing [17, 19, 20] . This would also be coherent with our previous proposal that the interaction between the N-terminal tail and the S4-S5 linker forms part of a more global and, perhaps more importantly, dynamic network of interactions also involving the PAS and proximal domains of the N-terminus, the C-terminal portion of helix 6, and the C-terminal C-linker and cNBD domains [14, 18] .
Previous compilations of HERG mutations linked to LQT2 identified nearly 500 alterations located all along the channel sequence ( [47] ; see also the Inherited Arrhythmias Database at http://www.fsm.it/cardmoc). However, although many of them are located in the cytoplasmic regions of the channel, only a reduced percentage of these have been characterized by electrophysiological and/or functional analysis. Interestingly, there are more than 40 eag/PAS domain mutations that have been linked to LQT2, some of them able to disrupt the interaction of this domain with the rest of the channel [15] . Whether any of the tens of mutations located in the C-linker/cNBD may cause similar effects remains to be established. Also, a mutation in the S4-S5 linker of Kv1.1 that would disrupt the interactions between this linker and the C-terminal region of S6 seems to underlie a neurological disorder, episodic ataxia type I [48] . This illustrates the invaluable insight provided by understanding the cytoplasmic domains-core channel interactions better, not only into the fundamentals of channel function, but also to understand the basis of certain diseases linked to mutations that alter gating characteristics of HERG and other voltage-gated potassium channels.
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